An automated on-line sample-preparation method using a computer-controlled pretreatment system (Auto-Pret AES system) coupled with ICP-AES was developed. In this work, an iminodiacetate chelating resin, packed in a mini-column and installed in the system was employed for the collection/concentration of 13 trace metals, including such toxic metals as Be, Cd, Cr, Cu and Pb. The limits of detection of the proposed method for trace metals were in the range of 0.001 (Be) -0.18 (Pb) ng mL -1 . The enrichment factors for metal ions were about 19 times, when 5 mL of samples were used. The sample throughput was 11 h -1 . The accuracy and the precision of the method were evaluated using river-water reference materials, SLRS-4 from NRCC, JSAC 0301-1 and JSAC 0302 from the Japan Society for Analytical Chemistry. The proposed method can be favorably applied to the collection/concentration of trace metals in natural water samples.
Introduction
The determination of heavy metals in natural water samples is very important for environmental science, and is requisite for the evaluation and phenomenon interpretation of aquatic systems.
In many cases, however, the analytical instrumentation now available does not have sufficient sensitivity for the realization of analysis in such natural water samples as river and waste water. In such samples, previous steps of preconcentration/enrichment and the removal of interfering substances are often requisite for the analysis of environmental samples.
A preconcentration method using a commercially available iminodiacetate chelating resin, known as Chelex-100 and Muromac A-1, is versatile, and has been used for batchwise methods. Although the adsorption capacity for metal ions with Chelex-100 is large, its particles are rather large, and the low degree of polymeric cross-linking leads to excessive swelling or shrinking of the resin bed in a column when a pH change occurs. 1, 2 This problem does not arise in the case of other resins with a more rigid support, such as Muromac A-1.
Muromac A-1 is an iminodiacetate chelating resin based on a macro porous resin, with a low tendency toward a volume change. It coordinates with many metal ions through amino and carboxylate groups. The selectivity of Muromac A-1 to divalent metal ions makes this resin effective for preconcentration.
In most cases, the separation and preconcentration of metal analytes are carried out by a manual method. However, the manual procedures are very tedious and time-consuming. It is therefore very beneficial to perform such procedures on-line and automatically. The automation of the separation/preconcentration using a solid phase extraction (SPE) can provide many benefits, which include improvements of safety, analytical results and cost performance. Automation can sometimes save analysis time and reduce contaminations and errors, because the samples immediately go to the instrument for measurements without any sample-storage steps. 3 Sequential injection analysis (SIA) is a second-generation type of flow-based analysis. The method has furnished additional features to the original FIA concept. 4 It is based on exploiting programmable and bi-directional discontinuous flow, which is precisely controlled by a computer. SIA provides a flexible, simple, accurate, robust and rapid procedure with less sample and reagents consumption. Therefore, it has been extensively applied to environmental analysis using potentiometry and electrochemical detections, 5 and also has been applied to the pretreatment of samples before measurement by spectroscopy.
Several studies have been reported concerning the on-line determination of trace elements in biological and water samples, as summarized in Table 1 . Most of them have been carried out by flow systems, which are complicated and are lower in cost performance.
In this work, the authors aimed at developing a simple and cost-effective ICP-AES detection system that can enable one to determine trace metals at ppt (part per trillion) levels, comparable to ICP-MS. A computer-controlled automated online sample pretreatment system (Auto-Pret AES system) was developed for the simultaneous determination of trace metals in water samples. In the Auto-Pret AES system, a commercially available 3-way syringe pump, a 6-port selection valve and a 6-port switching valve were used, which were fully controlled by a computer. Any metals collected on the resin were recovered using nitric acid solution as an eluent, and then the eluted metals were measured by ICP-AES.
Experimental

Reagents and chemicals
An iminodiacetate chelating resin, Muromac A-1 (50 -100 mesh, Na-form: Muromachi Co., Tokyo, Japan), was used and packed in a mini-column. Before use of the Muromac A-1 resin for the collection/concentration of metal ions, the resin was cleaned for removing any metal impurities in the resin by soaking it in a hydrochloric acid solution (3 M) for 3 h, and washing with ultrapure water. 7 A multielement stock standard solution (58 elements, 1 μg mL -1 ) was prepared by diluting an analytical multielement standard solution, which contained 10 μg mL -1 of metal ions (such as Li, Be, Na, Mg, Al, K, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Ag, Cd, In, Cs, Ba, Hg, Tl, Pb, Bi, Th and U (XSTC-13, Spex CertiPrep Inc.)), an analytical multielement standard solution containing 10 μg mL -1 of metal ions of Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Sc, Tb, Tm, Yb and Y (XSTC-1, Spex CertiPrep Inc.), and standard solutions for single element (1000 μg mL -1 ) for AAS (Wako Pure Chemical Industries, Ltd., Osaka, Japan) of Zr, Pd, Sn, Sb, Te, Hf, Pt, Au, Ge, Mo and W in 0.01 M of a nitric acid solution. Working standard solutions were prepared by diluting the stock standard solution with 0.01 M nitric acid just before a column pretreatment, followed by an ICP-AES measurement. Accurate dilution of the standard solutions was carried out by weighing required amounts of the stock standard solutions and diluting them with 0.01 M nitric acid. A 0.01 M solution and a 2 M solution of nitric acid were prepared by diluting concentrated nitric acid (for trace metal analysis, 60%, density 1.38 g mL -1 , Kanto Chemicals, Tokyo, Japan). A stock solution of 4 M ammonium acetate buffer solution was prepared by mixing appropriate amounts of acetic acid (96%) and ammonia solution (29%). Both the acetic acid and the ammonia solution were of electronic industrial reagent grade (Kanto Chemicals, Japan). A buffer solution of 0.2 M ammonium acetate was prepared by diluting a 4 M ammonium acetate stock standard solution and adjusting the pH with small amounts of ammonia or acetic acid.
Ultrapure water (18.3 MΩ cm -1 resistivity) was produced by an Elix-3/Milli-Q element system (Nihon Millipore, Tokyo, Japan).
All sample solutions were acidified at pH 2 for storing them by adding diluted nitric acid, and the pH of the sample solutions was adjusted to 4 just before the column pretreatment by adding small amounts of ammonia solution.
An artificial river-water sample containing Na + (3. , and from the Japan Society for Analytical Chemistry, spiked (JSAC 0302) and unspiked samples (JSAC 0301-1).
Apparatus
Measurements were carried out with a Vista-Pro ICP-AES (Seiko Instrument & Varian Instrument). The operating conditions are listed in Table 2 .
An ICP-MS (Model SPQ8000H System, Seiko Instruments Co. Tokyo, Japan) was used for examining the adsorption behavior of elements on the resin.
A laboratory-built pretreatment system, Auto-Pret AES system, was used as a solid-phase extraction pretreatment with a mini-column packed with Muromac A-1. The Auto-Pret system was assembled using a 3-way syringe pump, XP-308 (Cavro, San Jose, CA), 6-port selection valve, Cavro Smart Valve (Cavro), and a switching valve, as shown in Fig. 1 . PTFE tubing (0.8 mm i.d.) was used for flow lines and a holding coil. The mini-column was made of PTFE tubing (2 mm i.d. and 4 cm length), and filled with Muromac A-1 resin; at both ends of the column, polyethylene frits (taken from the mini-column, Muromachi Chemicals, Kyoto, Japan) were placed. An AutoPret AES system equipped with the mini-column was automatically controlled by computer, whose program was written by LabVIEW ® software Ver. 7.1 (National Instrument).
Operating procedures
The separation and preconcentration cycle was run through 5 steps, as summarized in Table 3 . First, the switching valve was set to the loading stage, as shown in Fig. 1 . One milliliter of 2 M nitric acid was aspirated into the holding coil, and then flowed through the mini-column, followed by flowing 0.5 mL of ultrapure water for cleaning the column (Step 1). Second, 0.5 mL of a buffer solution (pH 1 -2, nitric acid; 3 < pH < 9, 0.1 M ammonium acetate buffer) was aspirated and flowed into the mini-column for column conditioning (Step 2). Third, 2.5 mL of a sample solution, the pH of which was adjusted to appropriate pH, was aspirated via the selection valve and introduced into the mini-column (Step 3); Step 3 was repeated two times for pretreatment of 5 mL of the sample, and then 0.5 mL of ultrapure water was passed through the mini-column for eliminating any matrix ions (Step 4). Fourth, before 0.5 mL of 2 M nitric acid was introduced to the mini-column for recovering metal ions adsorbed on the resin (Step 5), the switching valve was turned to the eluting stage, and the solution flowed to the ICP-AES for measuring the metal ions recovered from the mini-column.
The elution process was carried out in the reverse direction to sample loading. Switching of the valve enables to produce an automated reverse flow through a column. This can prevent strongly bound substances from interacting with the immobilized ligand throughout the column during the elution and diluting of analytes by eluting. Thus-resulting peaks are sharper, and the analytes eluted are more concentrated. Reversed elution was used not only to speed up the elution process, but also to lengthen the lifetime of the columns, because particles on the top of the column are rinsed away and the column performance is improved.
Results and Discussion
Adsorption behavior of metal ions on Muromac A-1 resin
The adsorption of 58 elements on the Muromac A-1 at various pHs was investigated by an off-line method using the Auto-Pret AES system; the pretreatment samples, the volumes of which were corrected using their weight, were measured manually by ICP-MS, while for alkaline, alkaline earth, and Fe, they were measured by ICP-AES. The calibration curve was linear, except for 5 elements, such as As, Cs, Rb, Sb and Se. Lanthanides, Ba, Be, Cd, Co, Cu, Mn, Ni, Sc, U, V, Y and Zn were adsorbed quantitatively on the resin at pH 4 or higher pHs. However, at pHs above 6, the chelation became stronger in many metal ions than that at a lower pH, which means that it is difficult to break up the metal complexes, and thereby recover metal ions completely from the resin. At pH 4, all of the elements could be recovered completely, as shown in Fig. 2 . Therefore, pH 4 was selected for the complete recovery of metal ions. In the present study, 13 elements (Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sc, V, and Zn) were selected for their determination in water samples because the abundance of these elements in natural waters are very interesting, and many of them are toxic. The collection efficiency of Cr and Fe is less than 90%. However, since the pretreatment procedures are considered to be quite reproducible in automated flow-based systems, accuracy can be assured.
With increasing pHs, the adsorption of alkaline metals on the resin was increased. At pH 4, only small amounts of alkaline metals could be adsorbed on the resin, and they could be completely removed by washing the resin with ultrapure water as the washing solution.
Optimization of the pretreatment procedures using the AutoPret AES system
Fundamentally, the optimal conditions were examined to obtain a lower detection limit, higher sensitivity, and a shorter measuring time. The main relevant parameters, such as the 345 ANALYTICAL SCIENCES MARCH 2007, VOL. 23 Fig. 1 Schematic diagram of the automated pretreatment system for ICP-AES (Auto-Pret AES system). SP, 2-port syringe pump; SV, 6-port selection valve; HC, holding coil (2.5 mL); SW, 6-port switching valve; PP, peristaltic pump equipped to ICP-AES system; (-) loading stage, (·····) eluting stage. Glass cyclonic spray chamber K-style concentric glass nebulizer One-piece low flow extended torch in the axial view mode Time scan mode column length, sample and eluent flow rates, and an eluent concentration, were investigated. The optimal conditions are summarized in Table 4 . The increase in the column length did not improve the analytical signal significantly. A longer column could increase the pressure when solutions flow through it, and therefore a 4-cm column was selected. This length was equal to the length of two nuts, which were used for making a mini-column; a 4-cm column was the shortest one that could be made.
The effect of the flow rate during the preconcentration and the Fig. 2 Adsorption behavior of trace elements at various pHs on the Muromac A-1 resin using Auto-Pret AES system (offline measurement). Sample volume, 1 mL; concentration of alkaline, alkaline earth and Fe is 100 ng mL -1 (measured by ICP-AES); the concentration of other metals is 10 ng mL -1 (measured by ICP-MS); eluent, 1 mL of 2 M nitric acid. elution step on peak height was studied. The flow rate of the sample was examined in the range of 20 -70 μL s -1 . It was found that the analytical signal obtained was almost constant in this range. A faster flow rate was preferred for a decrease in the measuring time, which could improve the sampling frequency. For further investigations, a flow rate of 50 μL s -1 was employed so as to avoid high pressure of the column, and to achieve a faster sample throughput.
The flow rate of the eluent was set at 8 μL s -1 because the obtained analytical signal was constant at flow rates ranging from 5 to 14 μL s -1 , except for Sc. For Sc, a decrease in analytical signals appeared at flow rates higher than 8 μL s -1 , which indicates that the elution was not completely performed and the peak zones were dispersed.
The nitric acid concentrations employed for the recovery of collected metals were examined in the concentration ranges of 0.5 to 3 M. The analytical signal increased and became constant above 2 M of nitric acid. Therefore, 2 M of nitric acid was selected as an eluent. From the analytical signal of metal ions, it was found that 0.5 mL of 2 M HNO3 was enough to complete the recovery of the elements from the resin.
Analytical characteristics of the proposed method
The analytical characteristics, including the correlation coefficients and linear ranges of calibration graphs, enrichment factors, analytical detection limits, and precision of trace metal analysis obtained in the present study, are summarized in Table  5 .
For almost all trace metals, both the peak heights and the peak areas showed good linearity in the high-concentration range. However, at low concentrations, the peak area could not be calculated accurately, while the peak height could still be measured accurately, as shown in Fig. 3 . In this work, the peak height was used for all of the trace metal measurement. In U, Hg, Sn and Ga, both the peak area and the peak height were found to be less reproducible, and their calibration graphs were not linear by using the present system, probably because such elements can cause a "memory effect" during a measurement. By the memory effect, some parts of several metals remain in the nebulizer, and therefore the signals are not reproducible. Similar results were also found in other studies for U 14 and Sn 32 . The enrichment factors were estimated by comparing the peak height obtained by the present method with those obtained by the usual nebulization method of ICP-AES using the same standard solution of 5 ng mL -1 . The enrichment factors of the trace metals were in the range of 5 (Ba) to 19 (Sc), when 5 mL of the sample solution was used.
The detection limit of the proposed method was examined under the optimal experimental conditions, using 5 mL of the sample solution and 0.5 mL of the eluent. The limit of detection (LOD) of ICP-AES for each metal ion was determined as the concentration corresponding to three-times the standard deviation of the blank intensity for each trace metal contained in 0.01 M nitric acid used as a blank solution (for 10 measurement replicates), which was measured by the usual nebulization/ICP-AES. Also, the limit of detection of each metal ion for AutoPret AES system coupled with ICP-AES was determined as the concentration corresponding to three-times the signal-to-noise ratio of the background. By using the Auto-Pret AES system, the sensitivity was improved by 15 times for Co and 400 times for Be. From the obtained results, the proposed method was found to be sensitive enough for determining trace metals in real water samples, like river and tap water.
Without any preconcentration step, only Fe and Cu in river water can be determined directly, while other metals cannot be determined because of lower concentrations than their LODs.
The precision of the proposed method was examined by using 5 mL of a mixed standard solution containing 0.5 ng mL -1 of each metal ion, and was expressed in terms of relative standard deviation, RSD for 7 replicate measurements. The RSD of each metal ion was less than 10%, which means that the proposed method has a good precision for the determination of trace metal ions.
Analysis of river-water reference materials
In order to evaluate the accuracy and the precision of the proposed preconcentration method, several river-water reference materials were investigated: the SLRS-4 from Chemical Metrology, Institute for National Measurement Standards, National Research Council of Canada, and the samples of JSAC 0302 (spiked) and JSAC 0301-1 (unspiked) from the Japan Society for Analytical Chemistry.
The analytical results of 13 metal ions in river-water reference materials are listed in Table 6 both SLRS-4 and JSAC 0301-1, Ni in JSAC 0301-1, and Co in JSAC 0302, 15 mL of sample volume was used to obtain sufficient sensitivity. Iron in SLRS-4 and JSAC 0302 was not determined because its concentration is higher than that used in this method. The figures in parentheses in Table 6 show the information values, because there are no certified values for these metals. As a whole, it can be concluded that the analytical results obtained by the proposed method were in good agreement with the certified and information values.
Recovery study
Before applying the proposed method to practical water samples, it was necessary to examine the effect of matrices in the sample on the determination of trace metals. In this work, an artificial river-water sample containing Na + , Ca 2+ , K + , Mg 2+ , SO4 2-, CO3 2-and Cl -was examined. The sample was spiked with 0.5 ng mL -1 of each metal ion to perform the recovery study.
The obtained results are shown in Table 7 ; the recoveries were quantitative in the range of 92.8 to 111.5% for V and Ba, respectively. These results indicate that the matrix in the river water does not interfere with the determination of trace metals, and that the proposed method can be used for the determination of trace metals in river and tap-water samples.
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